Abstract The structural and energetic properties of native and oxidized telomeric complexes were defined by means of molecular dynamic (MD) simulations. As a starting point, the experimental conformation of B-DNA d(GpTpTpApG pGpGpTpTpApGpGpG) oligomer bound to human protein telomeric repeat binding factor 1 (TRF1) was used. The influence on the stability of the telomeric complex of the presence of 8-oxoguanine (8oxoG) in the central telomeric triad (CTT) was estimated based on trajectories collected during 130 ns MD runs. The data obtained indicate that the system analyzed is highly sensitive to the presence of oxidative damage in the CTT of the B-DNA telomeric sequence. The most important changes were observed in the immediate vicinity of the 8-oxoguanine molecule. The significantly higher mobility of arginine 425 interacting directly with the oxidized guanine molecule has a large influence on the structural, dynamic and energetic properties of neighboring amino acids. Local changes observed for individual hydrogen bonded interactions localized in the major groove of B-DNA also have significant impact on the properties of hydrophobic clusters, which are the second type of force responsible for stability of the studied bio-system. All the changes reported in detail here unambiguously indicate a significant decrease in telomer binding affinity after oxidation.
Introduction
A key aspect of all living organisms is the proper preservation of genetic material. Indeed, very similar systems for protection of genome stability exist in all organisms, from bacteria to humans. One such system involves telomeres-specific biocomplexes formed between telomeric DNA sequences and dedicated proteins [1] [2] [3] [4] [5] [6] [7] [8] that are found at the ends of chromosomes in every living cell [9, 10] . Telomeres protect the termini of B-DNA from being recognized as B-DNA double-strand breaks [11] . The progressive shortening of telomeric DNA that occurs during replication processes is one of the most important factors regulating cellular lifetime; therefore, telomeres are often termed the "mitotic clock" [12] [13] [14] . Dysfunction of these structures can lead to fusion of chromosome ends, acceleration of senescence, or even apoptosis [15] [16] [17] [18] .
Numerous sources indicate that telomere instability can be related to accumulation of damage imposed by the activity of reactive oxygen forms. The characteristic repetitive telomeric sequence (AGGGTT) [19, 20] -with three guanine molecules in the central telomeric triad (CTT)-exhibits greater susceptibility to oxidation than other DNA fragments [21] . This is related to strong experimental evidence that guanine is the most probable site for hole trapping [22, 23] , since it has the smallest ionization potential (IP) value of all purines and pyrimidines [24] [25] [26] . Moreover, since GG and GGG stacked guanine sequences have lower IPs than single guanines [24, 27] , such sequences are even more probable sites for undergoing oxidation. Also, formation of complexes by telomeric sequences with telomeric repeat binding factor (TRF) protein ligands is affected greatly by the presence of oxidative damage in the guanine triad [28, 29] . The appearance of a single 8-oxoguanine molecule decreases binding affinity between DNA and protein by about 50 %, while the presence of multiple 8-oxoguanine molecules in the telomeric sequence completely disrupts binding [30] [31] [32] . The most important changes related to the presence of the 8-oxoguanine molecule in telomeric sequences are observed in the space of the major groove [28, 29, 33] , which plays the role of an active site responsible for binding of protein ligands. Figure 1 presents the structure of single subunit formed by one telomeric sequence and TRF1 protein ligand. The stability of such a system is maintained mainly by two kinds of interactions: hydrogen bonding and hydrophobic interactions. In the main strand of the telomeric sequence, significant contacts between guanine DG6 and arginine ARG425 are observed. Other bases and phosphate groups from side chains also create important connections, e.g., adenine DA4 and guanine DG5 with lysine LYS421 and tryptophan TRP403. The complementary strand is stabilized by the interactions of cytosines DC6′ and DC7′ with aspartic acid ASP 422. Also, the side chains of DC7′ and DA8′ are stabilized by hydrogen bonds with active groups of arginines ARG423, ARG415 and tryptophan TRP 383. In the space of the major groove, one can also find a hydrophobic cluster formed by methionine MET 419, valine VAL418, cytosines DC7′, DC6′ and thymine DT3 [34, 35] .
Analysis of these interactions and the changes imposed by oxidation of guanine to 8oxoG can help in understanding the source of experimentally observed reduction of TRF1 affinity toward B-DNA complex formation. Our previous investigations focused on analysis of the structural and energetic properties of native and oxidized telomeric B-DNA sequences [28, 29] . The presence of an 8-oxoguanine molecule in CTT was directly related to a significant increase in the stiffness of its conformation. This structural stiffness was manifested mainly by a reduction in opening and rolling of pairs comprising the oxidized guanine. The main source of this phenomenon is the large increase in stacking and hydrogen bond interactions of 8-oxoguanine with neighboring molecules [29, 33] . Binding of telomeric sequences with TRF1 ligand is the next most important factor responsible for increased stiffness of the B-DNA double helix. This is related to a reduction in twisting and restriction of mutual shifting and sliding of base pairs forming CTT [28] . These big differences in the properties of canonical and oxidized units indicate a significant sensitivity of TRF1 binding to telomeric sequence.
Our previous discussion [28, 29] was restricted exclusively to a description of the role of the CTT. Ignoring changes in more extended regions might provide too narrow a perspective. For this reason, we are extending the analysis and taking into account also changes in the vicinity of the CTT. There is another serious reason for re-examining the system formed by TRF1 and B-DNA telomeric subunits. Our previous investigations dealt with very short trajectories. Here, a much longer time evolution is presented, encompassing a 130-ns time window. Thus, the aim of this study was to extend and broaden the energetic and structural analysis of native and oxidized telomeric B-DNA sequences characterizing in detail the interactions between all monomers involved in formation of binding in the active site. Based on this wider perspective, the direct influence of guanine molecule oxidation on the stability of telomeric complexes is examined. Importantly, instead of just the energy of interaction, both energetic (enthalpic) and entropic contributions are provided.
Methods
The time evolution of a model system comprising a tridecamer in B-DNA form complexed with the human protein TRF1 was studied based on molecular dynamics (MD) simulations. The geometry of the initial structure was taken from RCSB Protein Data Bank deposit 1IV6.pdb [36] . The protein-DNA complex was immersed in a TIP3P water box [37, 38] . The same initial structure was used for both canonical (S1) and oxidized (S2) oligonucleotides. The Fig. 1 . Charge of the system was neutralized by sodium cations. The analyzed systems were heated to 300 K during 100 ps of MD simulation and the temperature was controlled by a Langevin thermostat. Periodic boundary conditions and the SHAKE algorithm [39] were applied for 130 ns MD simulations. Initially, a 30-ns interval was used for system equilibration. Equilibration was confirmed by stable fluctuations of density, temperature and energy values. The structural analysis encompassed snapshots taken from the final 100 ns every 10 ps. In this manner, 10,000 conformations were used to determine the characteristics of both native and oxidized systems. The analysis was performed using the VMD package [40] . The molecular mechanic/PoissonBoltzmann surface area (MMPBSA) method [41] was used for free energy computations. Independent calculations were conducted for enthalpic and entropic contributions to Gibbs free energy values. Also, decomposition of enthalpic contributions was performed for selected nucleobases and aminoacids. Enthalpic contribution to Gibbs Free energy was calculated using all the conformations collected during MD simulations. Due to the much higher computation cost of entropic contributions, the population of conformations used was reduced tenfold. This made the computation feasible in a reasonable time. In all MD simulations, the AMBER 11 package [42] was used with the Barcelona corrected forcefield [43] supplemented by parameters for oxidized guanine [44] . For free energy calculations, the AmberTools 1.5 package was used.
Results and discussion
Chemical affinity of TRF1 for telomeric B-DNA Understanding the impact on stability of telomeric complexes of the presence of 8-oxoguanine requires accurate knowledge of the characteristics of the interactions between all considered monomers. In this work, we determined the global and local contributions to stability of native and oxidized systems, which were characterized by Gibbs free energy values. Table 1 presents values for enthalpic and entropic contributions to total extension values of Gibbs free energy of the analyzed system. The data presented clearly suggest that oxidation of CTT affects both ΔH and ΔS contributions. The observed changes in ΔG values allow us to conclude that stability of the telomeric complex decreased after oxidation. The oxidized telomere fragment makes a smaller (by ca. 11 kcal mol ) enthalpic contribution to the affinity of TRF1 for the B-DNA oligomer; application of a t-test confirmed that this difference is significant (P<0.001). The averaged entropic contributions to ΔG are nearly the same magnitude for both canonical and oxidized structures. It is worth noting that, in this case, the distributions are statistically distinct (P< 0.01). The chemical affinity for TRF1 binding to the native telomeric B-DNA sequence is about 15 kcal mol −1 higher compared to that of the oxidized system. Thus, the overall stability of the oxidized system is lower and formation of the nucleic acid complex with TRF1 less efficient. The time evolution of enthalpic and entropic contributions to Gibbs free energy was also determined. The data plotted in were observed. Interestingly, the discrepancy between the entropic contributions to Gibbs free energy of S1 and S2 becomes more significant with longer time of simulation suggesting that the observed trend is rather persistent. The systematic rise in energy up to 10 kcal mol −1 clearly indicates the decrease in stability of the oxidized complex. The observed differences in global values of Gibbs free energy have their origin in the numerous changes reported for individual interactions localized in the space of the major groove. Table 2 ) of ARG 425 interactions with DG7 after oxidation. Furthermore, values of standard deviation characterizing the latter interactions are significantly higher, suggesting the existence of many conformations with unfavorable energy values. Very similar effects were also observed for interactions between arginine ARG 423 and nucleotide DA8′. In this case, the observed decrease in energy values is accompanied by increasing standard deviation. Interesting dependencies also occur for the interactions of lysine LYS 419 with nucleotides DA4 and DG5. In the native system, both interactions are characterized by similar values of enthalpic contribution to Gibbs free energy, while in the S2 system a noticeable decrease was observed for LYS 419 and DG5. Additionally, a significant increase in energy was also observed in the interaction with LYS 419 DA4. This confirms not only the rise in energy values compared to the reference system but also, which is equally interesting, the decrease of standard deviation values, suggesting tighter and more uniform binding.
Structural properties of the TRF1-telomere complex
Trajectories collected during MD simulations were used to determine the quantitative characteristics of all interactions in native and oxidized systems. The mutual orientation of functional groups was evaluated for all interactions localized in the major groove. For hydrogen bonding characteristics, the distances between hydrogen atoms and electronegative atoms (O, N) were measured, while hydrophobic contacts were identified by measuring distances between carbon atoms of the groups of interest. The dynamic properties of selected amino acids interacting with telomeric sequences were evaluated using RMSD values. The most notable discrepancies were observed in the close vicinity of the 8-oxoguanine molecule. Smoothed histograms illustrating the distribution of hydrogen bonds formed between the active groups of arginine ARG425 and guanine are presented in Fig. 4 . These distributions suggest that, for the native structure, both amino groups of arginine form stable hydrogen bonds with oxygen O6 and nitrogen N7 of guanine DG6 during almost the entire simulation, while simultaneous interactions with other guanine molecules are nearly incidental. The behavior of the same amino acid in complex with the oxidized telomeric sequence is completely different. The frequency of interactions with 8-oxoguanine is much lower compared to the native system. Capping the nitrogen N7 center with a hydrogen atom in the 8-oxoguanine molecule significantly impedes interactions with the amino groups of arginine ARG425. The hydrogen bonds formed by oxygen Fig. 2 Time evolution of enthalpic contribution (ΔH) to Gibbs free energy of the studied native and oxidized telomeric complexes Fig. 3 Distribution of entropic contribution (ΔS) to Gibbs free energy obtained for every 100 ps from the considered trajectory O6 of 8-oxoguanine are found in less than 40 % of the conformations considered. The presence of the oxidized guanine molecule forces increased mobility onto the arginine amino groups, which also confirms the values describing interactions with neighboring guanine molecules. For both amino groups of arginine, a significant increase in the number of hydrogen bonds formed with oxygen O6 (45 %) and nitrogen N7 (30 %) of guanine DG7 is observed. Interactions of arginine ARG425 recognizing oxidized CTT were also confirmed by RMSD values (Table 3) .
In the S2 system, the RMSD and standard deviation values characterizing ARG425 are sevenfold higher than in S1. Thus, it is quite clear that oxidation of the central guanine molecule disturbing interactions inside the major groove is the source of the increased flexibility of this part of the protein chain. Consequently, interactions between lysine LYS 421 and the phosphate groups of nucleotides DA4 and DG5 are also affected by the presence of 8oxoG. Figure 4b presents the distribution of distances between the two oxygen atoms found in the phosphate groups and the nitrogen atom on the protonated amino group. These two atoms were chosen because rotation of the tetragonal amino group interchanges the hydrogen atoms involved in H-bond formation. Analysis of these populations clearly identifies important differences in lysine interactions with native and oxidized telomeric B-DNA. In the case of the S1 system, both distributions describing binding between lysine LYS 421 and phosphate groups have quite a uniform shape. The number of conformations capable of forming hydrogen bonds exceeds 80 % for DA4 and reaches 70 % for DG5; however, differences in the activity of phosphate groups in native and oxidized systems are quite substantial. In the case of oxygen from the DA4 nucleotide, the number of conformations able to form hydrogen bonds increases up to 95 % in the S2 system, while the activity of oxygen from the second nucleotide (DG5) decreased to nearly 45 %. These values suggest that increased mobility of arginine ARG425 has an influence on lysine interactions; consequently, the RMSD values characterizing lysine binding are reduced (see Table 1 ).
The complementary strand of the telomeric sequence creates hydrogen bonds with the amino groups of arginine ARG 423 and ARG 415. These two amino acids are involved in the creation of binding in the vicinity of the DNA backbone. Figures 4c and 5a , b present distributions describing the activity of these subunits. The amino groups of arginine ARG 415 in the native system create hydrogen bonds with oxygens from the phosphate group of the DC7′ nucleotide; such interactions can be found in 45 % of analyzed conformations. Values collected for the oxidized systems indicate that such bindings do not occur in S2 structure. A second arginine molecule-ARG 423-creates hydrogen bonds in another part of the BDNA helix. The interactions of ARG 423 with oxygen atoms from the phosphate group of the DA8′ nucleotide are presented in Figs. 4c and 5a .
External localization of the amino groups of arginine against the DNA major groove allows interactions with both oxygen atoms from the phosphate group of the DA8′ nucleotide. Analysis of the distributions presenting mutual orientation of active groups in the native system allows us to conclude that one of the amino groups creates hydrogen bonds with the oxygen O2 during the entire simulation; one-half of the considered conformations can also create hydrogen bonds with the second oxygen atom O1. The second amino group exhibits less activity in binding; in this case, only 50 % of conformations has the possibility to create hydrogen bonds with oxygens. The binding activity of arginine ARG 423 is decreased significantly in the oxidized system. The number of hydrogen bonds formed by both amino groups decreased by a factor of two in comparison with systems not containing the 8-oxoguanine molecule. In all cases considered, oxidation was an important factor, changing the distribution of hydrogen bonds in the space encompassing the active site. Other interactions worth mentioning are those characterizing carboxyl groups from the side chain of aspartic acid ASP 422 interacting with hydrogen atoms from the amino group of cytosine DC7′. Analysis of these distributions (Fig. 5c) indicates that, in both native and oxidized systems, the frequencies of hydrogen bond creation are quite similar; however, in the S2 system, a slight decrease (∼10 %) in the number of conformations stabilized by this bond was observed.
These reported changes in hydrogen bonding and amino acid mobilities must also have an impact on hydrophobic interactions. This all type of force contributing to the stability of telomeric complexes was analyzed by evaluation of the mutual orientation of selected structural groups from proteins and B-DNA. Figure 6 presents the distributions describing distances between carbon atoms and the considered monomers. Each case exhibits important differences between native and oxidized systems. The largest differences are observed for methionine MET 419 interacting with the DC7′ nucleotide. The values presented in Fig. 6a reveal the completely different behavior of the side chain of the considered amino acid. In the native system, distances between the methyl group of methionine and the carbons of deoxyribose and cytosine confirm the presence of non-negligible hydrophobic interactions in this region. On the contrary, in the oxidized system, distances between the considered groups increased two-fold in comparison to the reference system, suggesting much less effective interactions of the hydrophobic type.
Valine VAL 419 could also play an important role in the structure of these hydrophobic clusters. As revealed by the populations presented in Fig. 6b , methyl groups interact with both strands of B-DNA. The data suggest that, in both systems, mutual orientation of the side chain of valine and the methyl group of thymine DT3 allows the occurrence of hydrophobic interactions during most of the simulation time. Both methyl groups in the native system have quite a uniform distribution, while in the S2 system each methyl group is characterized by different values. Thus, only one methyl group is responsible for interactions with thymine DT3. Consequently, the mobility of valine is higher in the native system than in oxidized systems. Hydrophobic interactions of valine with cytosine DC6′ on the complementary strand are less stable than those reported for thymine. In Fig. 6c , it can be seen that the distances between hydrophobicity centers increase in the oxidized systems compared to Fig. 6 Distributions of distances between hydrophobic groups of selected nucleic bases and amino acids localized in the space of the major groove. Black lines Native structure S1, gray lines oxidized systems S2. Measured values correspond to the distances between carbon atoms in the analyzed groups the reference system. All observed local structural alterations related both to hydrogen bonding interactions and hydrophobic cluster formation seriously influence the stability of the oxidized telomeric complex. The RMSD values presented in Fig. 7 unequivocally confirm the large structural and dynamic differences between the compared systems. All values describing the native telomeric complex (S1) and its subunits have quite uniform and narrow distributions. This suggests not only equilibration but also moderate flexibility of the native system. In contrast, systems comprising oxidized guanine (S2) are characterized by higher RMSD values. This indicates much more pronounced flexibility compared to the standard DNA-TRF1 complex. Furthermore, occasional sizable fluctuations of the S2 system are observed, suggesting structural disorders potentially imposed by the presence of the 8-oxoguanine molecule. Thus, weakening of TRF1-B-DNA complex stability originates from both structural and energetic consequences of telomere oxidation.
Conclusions
Complexes formed by the B-DNA telomeric subunit bound to TRF1 protein are very sensitive to the presence of 8-oxoguanine in the telomeric sequence. The data presented, characterizing both energetic and structural properties of the analyzed systems, indicate possible factors that are responsible for the weakening of complex stability after CTT oxidation. Guanine oxidation in the central telomeric fragment had both energetic and structural consequences. In particular, interactions of arginine ARG 425 with the guanine triad are crucial in the context of the dynamic properties of the complete C-terminal protein helix of the TRF1 ligand. The decrease in binding affinity of ARG 425 -DZ6 subunits, and the accompanying increase in binding between ARG 425 and DG7 observed in oxidized systems correlates with changes in the frequency of hydrogen bond formation between the considered monomers. The origin of increased mobility of arginine ARG 425 and its movement in the space of the major groove is the alternate donor-acceptor pattern corresponding to replacement of guanine with 8-oxoguanine. The hydrogen atom connected to the capping nitrogen N7 significantly hampers interactions with proton-accepting amino-groups of the selected amino acid. It is worth mentioning that changes in the interactions between arginine and the guanine triad are also accompanied by discrepancies in the behavior of other monomers residing in the C-terminal protein helix. The significant mobility of lysine belonging to a side chain along the main strand of B-DNA influences the energetics of interactions with DA4 and DG5 nucleotides. Similar relationships are also observed in the complementary strand due to interactions of arginine ARG 415 with DC7′ and ARG 423 with the DA8′ nucleotide. Furthermore, hydrophobic interactions also make an important contribution to the stabilization of the analyzed systems. Despite the lack of direct interaction between the 8-oxoguanine molecule and amino acids, significant changes in the properties of the hydrophobic clusters formed in the space of major groove were observed. The large increase in distance and changes in the mobility of monomers involved in creation of hydrophobic interactions certainly affects their efficiency. All the above observations lead to the conclusion that oxidation of the central guanine molecule in CTT is the main source of both the global and local 
